Twelve patients with congestive heartfailure receiving maintenance therapy with digoxin and potent diuretics were followed closely during development of hypokalaemia and potassium loss. Cardiac arrhythmias compatible with digoxin toxicity developed in 6 patients in the presence of stable, normal serum digoxin concentrations. The mechanisms involved in the development of the rhythm disturbances are discussed with regard to hypokalaemia, intracellular potassium loss, intra-/extracellular potassium gradients and digoxin, and the significance of maintaining a normal potassium balance in this setting is stressed.
compatible with digoxin toxicity developed in 6 patients in the presence of stable, normal serum digoxin concentrations. The mechanisms involved in the development of the rhythm disturbances are discussed with regard to hypokalaemia, intracellular potassium loss, intra-/extracellular potassium gradients and digoxin, and the significance of maintaining a normal potassium balance in this setting is stressed.
It is generally accepted that hypokalaemia and diuretics were subjected to a potassium depleting potassium loss may promote digitalis toxicity in regimen and followed closely for development of patients with congestive heart failure receiving cardiac arrhythmias while serum digoxin concenmaintenance treatment with digitalis. However, trations were controlled. while this situation was frequent in earlier studies of digitalis toxicity (Lown and Levine, 1954; Jorgensen and Sorensen, 1970) , hypokalaemia and Methods potassium loss were not observed as causes of Twelve patients with advanced congestive heart failure digitalis intoxication in more recent reports (Belier admitted to Medical Department B, Rigshospitalet et al., 1971; Evered and Chapman, 1971) . Though Copenhagen, were selected for study according to the this new trend may reflect better treatment with following criteria: 1) The subjects had received mainregard to maintenance of potassium balance during tenance digoxin therapy for at least one month and digitalis therapy in particular in patents on chronic showed normal serum digoxin levels, 2) the patients diuretic therapy, it seems also possible that the were in a stable situation on maintenance diuretic diu i ttreatment, and 3) the subjects presented normal serum risks involved m hypokalaemia and potassium loss potassium concentrations and were apparently in a in this setting have been overestimated in the past. stable potassium balance while receiving a standard In earlier studies of digitalis toxicity in man the supplement of potassium chloride of 3 g daily or a relative role of digitalis overdosage and of acute potassium sparing drug as additional diuretic if required. or chronic hypokalaemia or potassium loss have The series consisted of 5 men and 7 women; mean age not been precisely defined, and more recent studies 57,7 years. The clinical diagnoses were rheumatic in dogs have not supported the concept that valvular disease in 6 patients, ischaemic heart disease hypoksaaemia sensitizes the myocardim to digiin 4, and cardiomyopathy in 2. The patients received talis during condition representinmamtenance treatment with digoxin in a dose range tallsdunrng conditions representing tne nearest from 0.125 to 0 50 mg daily and frusemide 80 to 160 mg practical approximation to the situation of patients or bumetanide 4 to 6 mg per day. on chronic diuretic therapy (Kleiger, Vitale, and With their informed consent the patients were studied Lown, 1965; Binnion, 1975) .
according to the following plan: the electrocardio-In an attempt to clarify the significance of gram was monitored continuously permitting rapid hypokalaemia and total potassium deficiency and to discontinuation of the study and restoration of potasevaluate the role of serum digoxin levels in this sium balance if required. The maintenance therapy with setting, the present study was planed. Twelve digoxin and potent diuretics was continued while potaspatients with advanced heart failure receiving sium chloride and potassium sparing drugs were withpainswtheradvance heart digoxinandheld. The patients were studied on a metabolic regimen maintenance therapy with digoxin and potent including a diet restricted in potassium (30 mEq daily). Roceived 16 April 1975. Twenty-four hour urinary volumes and excretion of potassium were measured. Body weight was deter-AECKl-*), AICK,1> = ICK1-+>n -ICKO Kiel n mined every morning. At the start of the study total = ICK1 --n/ICWO. exchangeable potassium (Ke) was measured by dilution Intra-/extracellular potassium gradients were calcuwith K42 (Olesen, 1964) . Serum potassium and crea-lated according to two models. Model I: gradient tinine were determined every morning (normal range I, --= Kiel-+n/(K)sl--+,, Agradient Il --= gradient for serum K: 3-5-541 mmol/l). Serum digoxin was mea-Ii÷n gradient I. Model II: gradient II was calcusured in the fasting state at the start and the end of lated as shown above under the assumption that the the study (Steiness, 1974) . The study was planned to myocardial intracellular potassium concentration relast 7 days for each patient, but was interrupted immemained unchanged during the study (Bolte, 1973) . diately if significant arrhythmias occurred.
Serum thyroxine was measured in 10 patients and Interpretation of electrocardiogram found to be within the normal range.
The continuous monitoring of the electrocardiogram and tracings of one minute's duration taken at least Calculation of potassium balance twice daily were analysed for arrhythmias, usually ascribed to digoxin toxicity (Evered and Chlapman,
The cumulative balance of potassium was determined 1971. as summations of daily intakes-renal outputs corrected for faecal and insensible losses (Isaksson, Lindholm, and Results Sjogren, 1966; Maronde, Milgrom, and Dickey, 1969) . The cumulative negative potassium balance was partl-Cardiac arrhythmias occurred in 6 out of 12 patients tioned intoextra-and intracellular losses, and the intra-/ (50%) within the week of the study. Four patients extracellular potassium gradients were derived as developed ventricular premature beats either as multifocal ectopic beats or as bigeminy. Two a) Abbreviations ECW = total extracellular water, patients showed atrial premature beats with pro-(K)s = serum potassium concentration, ECK = totai longed PQ intervals. All 6 patients showed hypoextracellular potassium, ICK = total intracellular kalaemia and overall potassium loss when the potassium, KI = total exchangeable potassium (asarrhythmias occurred. In 2 patients interruption sumed to represent initial body potassium), Ki0 = of the study became necessary after 3 and 4 days intracellular potassium concentration, ICW = total because of the development of rhythm disturintra-cellular water, '1 -n' indicates the cumulative bances. In the remaining 4 patients the arrhyth-24-hour periods of investigation. mias only occurred on the last day of the study. b) Starting values ECWo = body weighto x 0 3, Serum digoxin concentrations showed a mean ECKo = ECWo x (K)so, ICKo = Ke -ECKo, value of 1-52 ± 017 nmol/ml (1 19 ± 0-13 ng/ml) ICWo = ICKo/160, gradiento = Kico/(K)so. The basic at the start of the study and did not change signifiassumption was made that the average intracellular K cantly during the experimet. The daily oral dose concentration of the body and of the myocardium was of durmg the mg. The in Tale 160 mmol/l. at the start of the study (Valentin and of digoxin was 0v30 e On06 mg. As shown in Table   Olesen , 1973) .
1 the mean values and the trends were exactly the same in the group developing arrhythmias and c) Cumulative balance values ECK, -+ = (ECWo-in the group without. Similarly, serum creatinine weight lossL -n) x (K)s1 -on, AECK, -n = ECKl In, concentrations were the same in the two groups and ECKO, ICK,-*n = ICKO + (AK balance,-oremained unchanged during the study. Potassium metabolism
As shown in Table 2 the regimen used proved results in a rise in the intra-/extracellular potassium effective in reducing serum potassiun concentra-gradient 1 (model I) for the whole body (Table 3 tion from a mean value of 4-37 mmol/lat the start to a and Fig 2) . An even larger rise is seen in the myomean of 3-41 mmol/l at the end of the study. The development of hypokalaemia was associated with 45 Serum potassum a mean total potassium loss of 204 mmol. 21 mmol 4 -3 (or 10% of total potassium loss) originated from the . 3 9 =extracellular phase while the remaining 183 mmol 8 3 7 as MM9~~E 35 -(or 90% of total potassium loss) was lost from the 33intracellular phase. The cumulative changes in potassium balance for 10 patients studied for a full week is shown in Fig. 1 . Apparently, the decrease Cumulative potassium balance of serum potassium concentration and of total 0 body potassium was most pronounced during the -40 first 4 to 5 days of the study.
The degree of hypokalaemia and of total potas-80 sium loss obtained was very similar in the group -5 120 developing arrhythmias to that in the group without E bo. Extracellular K (Table 2) .
For the whole group the total potassium loss -200 .
Intracellular K amounted to 11 per cent of initial body potassium (Table 3) . Of particular significance is the fact that 2 the total extracellular loss represents 26 per cent of D4ay the initial total extracellular potassium whereas the total intracellular loss amounts to only 11 per FIG. I Serum potassium concentration and cunulacent of the initial total intracellular potassium. The tive K balance in 10 patients receiving a K depleting relatively larger loss from the extracellular phase regimen for 7 days. Mean values ( ± SEM) are given. 
which displaces potassium from the extracellular < + 8 to the intracellular phase as after potassium loss during haemodialysis (Page, 1955; Lubash et al., + 6 1959; Kunin, Surawicz, and Sims, 1962 (Binnion, 1975) . There is evidence that in 10 patients receiving a K depleting regimen for 7 acute reduction of extracellular potassium concendays. Mean values (± SEM) are given. The upper tration increases the ability of the myocardium to panel shows the myocardial K gradient (calculated take up circulating digoxin (Cohn, Kleiger, and on the assumption of an unchanged intracellular Harrison, 1967; Prindle et al., 1969) . However, K concentration); the lower panel shows the the myocardial concentration of digoxin appears K gradient for the whole body.
to be the same in normal and in acutely hypokalaemic dogs at the time of digitalis induced ventricardial intra-/extracellular potassium gradient II cular tachycardia or atrioventricular dissociation (model II) which is derived on the assumption that (Binnion and Das Gupta, 1974; Binnion, 1975) . myocardial intracellular potassium concentration Although chronic hypokalaemia and potassium remains unchanged while distinct hypokalaemia loss induced by diuretics as found in the present develops (Table 3 and Fig. 2) . study are generally accepted as being able to sensi-The partitioning of the potassium loss and the tize the myocardium to the arrhythmogenic effects changes in intra-/extracellular potassium gradients of digitalis in man, the available evidence for this were the same in the group developing arrhythmias assumption is scanty (Callahan et al., 1952;  Lown and in the group without (Table 3) . et al., 1952; Jorgensen and Sorensen, 1970; Salvador et al., 1970; Binnion, 1975; Poole-Discussion Wilson, Hall, and Cameron, 1975) . Moreover, an animal experimental model, similar to the patient The study was performed in patients with advanced on chronic digitalis and diuretic therapy, has never congestive heart failure receiving maintenance been produced. In dogs with chronic hypokalaemia digoxin therapy. The mean serum digoxin concen-and potassium deficiency induced by dietary tration was 1-52 i 0 17 nmol/l (1.19 + 0-13 restriction of potassium and/or diuretics, an inng/ml) at the start of the study and did not change creased sensitivity of the myocardium to acute significantly during the experiment. The average loads of acetyl strophanthidin or of digoxin could daily dose of digoxin was 0-30 + 0*06 mg. In not be demonstrated (Kleiger et al., 1965; Binnion, terms of serum digoxin values and daily digoxin 1975). It may be concluded, however, that our doses our findings are in good agreement with findings are in keeping with the view that chronic other recent studies (Belier et al., 1971 ; Carruthers, hypokalaemia and potassium loss may sensitize Kelly, and McDevitt, 1974) . the myocardium to digitalis in man. (Surawicz and Gettes, 1971 ). However, Binnion, P. F. (1975) . Hypokalaemia and digoxin-induced the altemative possibility that the arrhythmias are arrythmias. Lancet, 1, 343.
induced by hypokalaemia alone must also be Binnion, P. F., and Das Gupta, R. (1974) . Digitalis-induced ventricular tachycardia. A study of tissue levels. Circulaconsidered. tion 50, Suppl. III, 215. In the present series the degree of potassium Bolte, H.-D. (1973) . Treatment of acute and chronic hypodepletion induced is reflected by the slow and kalemia. Acta Cardiologica, Suppl. 17, 211. gradual decrease of serum potassium of 1 mmol/l Callahan, E. J., Frank, N. R., Kraus, H., and Ellis, L. B. and by an overall potassium loss of 204 mmol or 11 (1952) . Clinical use of cation exchange resins in the treatper cent of body potassium. As shown in Tables ment of congestive heart failure. American Journal of the per cet of bdy potssium As shwn in ables Medical Sciences, 223, 117. 2 and 3 the relative loss of potassium was larger Carruthers, S. G., Kelly, J. G., and McDevitt, D. G. (1974) . from the extracellular than from the intracellular Plasma digoxin concentrations in patients on admission phase, resulting in a rise in the intra-/extracellular to hospital. British Heart Journal, 36, 707. potassium gradient for the whole body. Our Cohn, K. E., Kleiger, R. E., and Harrison, D. C. (1967) . potassiu gr t Influence of potassium depletion on myocardial concenfindings stress the significance of hypokalaemia tration of tritiated digoxin. Circulation Research, 20, 473. as a factor in the alterations in the intra-/extra-Davidson, S., and Surawicz, B. (1967) . Ectopic beats and cellular potassium gradient, as pointed out by other atrioventricular conduction disturbances. In patients authors (Surawicz and Gettes, 1971 ). An even with hypopotassemia. Archives of Internal Medicine, 120, authors Surawiczand Getts, 1971) An even 280. larger increase is found when the myocardial intra-/ Evered, D. C., and Chapman, C. (1971) . Plasma digoxin extracellular potassium gradient is calculated on the concentrations and digoxin toxicity in hospital patients. assumption that the intracellular concentration of British Heart Journal, 33, 540. the myocardium remains unchanged during te .Hall, R. J. C., and Cameron, I. R. (1974) . The intracellular the myocardium remains unchanged during the pH and potassium content of rabbit cardiac and skeletal study (Bolte, 1973; St. George et al., 1955;  Hall muscle in potassium depletion. Clinical Science and and Cameron, 1974) . The electrophysiological Molecular Medicine, 47, 24 P. effects of a rise in the intra-/extracellular gradient Isaksson, B., Lindholm, B., and Sjogren, B. (1966) with an incidence ranging from 20 to 40 per cent. experimental relationships between digitalis and potas-Higher frequencies are found in patients with sium. Proceedings of the New England Cardiovascular ogncheart disease and in those given digitalis Society, 23, 19 . organic heart disease and in those given digitalis Kunin, A. S., Surawicz, B., and Sims, E. A. H. (1962) . (Surawicz et al., 1957; Weaver and Burchell, Decrease of serum potassium concentrations and appear-1960; Davidson and Surawicz, 1967) . In our series ance of cardiac arrhythmias during infusion of potassium arrhythmias were observed in 50 per cent during with glucose in potassium-depleted patients. New England one week of study., and a higher incidence might Journal of Medicine, 266, 228. Lown, B., and Levine, S. A. (1954) . Current concepts in have been expected with a longer period of study. digitalis therapy. New England Journal of Medicine, 250, A comparison between the incidence in our series 771, 819, 866. and in earlier reports is difficult because of the Lown, B., Weller, J. M., Wyatt, N., Hoigne, R., and Merrill, differences in the settings studied and in methods J. P. (1952) 
